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FINAL REPORT TO MSC
A 3-Axis Magnetometer System intended for use in the magnetic
measurement of Lunar Rock Samples has been designed, fabri-
cated and delivered to NASA-Manned Spacecraft Center by
Develco, Inc. The system has a 4-inch diameter room tempera-
ture sample access region and is fitted with 3 orthogonal
magnetic field sensors enclosing this region. Incorporated
are two (2) superconducting magnetic shields designed to
eliminate external magnetic noise from the sense coils.
A superconducting solenoid is mounted coaxially with the
sample region and this can provide axial magnetic fields up
to 1,000 gauss.
The system was designed for measuring magnetic moments of
geophysical samples, especially remanent moments of lunar
samples. The sensitivity of the system in all 3 axis is about
2xlO~7EMU//Hz peak-to-peak measured in the 0-1 Hz bandwidth.
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THE DEVELCC 4" SUPERCONDUCTING ROCK MAGNETOMETER SYSTEM
INTRODUCTION
This is the Final Engineering Report, submitted by Develco, Inc.,Mountain
View, California,to the Lunar and Earth Science Division, NASA Manned Space
.Craft: Center, Houston, Texas, on the program to develop a Superconducting
Rock Magnetometer System. The contract was awarded January 14th, 1971 and
the instrument system delivered to MSC, Houston, Monday, December 6th, 1971.
BASIC SYSTEM DESIGN
The complete rock magnetometer system is shown in Figure 1. A crosssection
of the cryostat, showing the major system components, shown in Figure 2.
In essence, the rock magnetometer consists of the following components: 1)
An outer vacuum jacket, 2) thermal insulation and high vacuum, 3) a 46-liter
liquid helium reservoir, 4) the main superconducting shield, 5) a superconduct-
ing axial field solenoids,6) the solenoid stabilizing shield, hereafter called
the "stabilizer", 7) the 3-axis sense coil assembly and the room temperature
sample test region. Components 4, 5, 6, and 7 are thermally linked to the
helium reservoir with aluminum straps. The straps.have been designed so
that each component may be heated above-its critical temperature without ex-
cessive loss of liquid helium. Each component is fitted with a heater and
the appropriate heater electronics are included in the electronics console.
The three magnetic field sensors (Figure 2) are each mounted in a sealed
aluminum cylinder which is welded to the top of the helium vessel^. The cyl-
inders are filled with helium exchange gas to provide thermal contact between
the sensor and the helium reservoir. Each sensor is coupled to its sample
sense coil with a low inductance superconducting stripline. The three magne-
tometer electronic units contain fl.ux-period counting circuits to extend their
dynamic range up to 10~2 EMU. Both the analog and the period counts are in-
dicated on a 7-place digital display.
Gallium-arsenide diode temperature sensors are mounted on the shield stabi-
lizer, magnet, and the helium vessel. The control electronics has a selector
switch to monitor these thermometer sensors on either a 4-10°K or a 4-300°K
range. The inner dewar wall also has a diode thermometer with a -25°C to +75°C
readout range.
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The helium vessel has a level gauge which reads continuously from empty to
full. This is also read out on the control electronics unit. The thermal
insulation is provided by multiple layers of reflecting shields and 3 copper
shields cooled by the helium vapor boiloff from the reservoir.
The complete rock magnetometer cryostat is designed so that it can be rotated
about its vertical axis and all components necessary to accomplish this rota-
tion are provided with the system. The shield rotation feature is used to
reduce the magnetic field transverse to the axis of the shield. The field re-
duction is obtained by rotating the system with all superconductive components
heated above their critical temperature. The main shield is then slowly
cooled (while rotating) back through its critical temperature. The transverse
field is reduced by eddy currents in the shield which become more efficient
as the shield's electrical resistance approaches zero. When the shield is
completely superconducting, the rotation can be stopped and the shielding
currents will continue to flow as. long as the shield is in the superconducting
state. '
The rock magnetometer is provided with a quartz sample holder designed to hold
samples up to about 3h inches in diameter.
PERFORMANCE
The rock magnetometer was operated for a period of about 2 weeks at Develco
before delivery to NASA-MSC. The following sections present a summary of the
operating characteristics and performance.
INITIAL COOLDOWN
The vacuum insulation region was pumped down to a pressure of about 130 microns
while the system was at room temperature. This required a 24-hour pumping
time using a 10 cfm mechanical fore-pump. The vacuum system was carefully
leak checked using a mass spectometer helium leak detector and was found to be
vacuum tight.
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The system was then precooled by transferring liquid nitrogen into the helium
reservoir. It required 4% hours to fill the reservoir with nitrogen. The
helium leak check was repeated after the liquid nitrogen cool down to determine
whether any low temperature leak had developed. The complete vacuum system
remained helium leak tight.
Liquid nitrogen was kept in the system for 23 hours until the shield tempera-
ture reached 110°K. Time did not permit a longer nitrogen cool down before the
helium transfer was started. Figure 3 shows the liquid nitrogen cooldown
curves for the shield stabilizer, magnet and helium vessel.
The liquid helium transfer lasted 11% hours and required about 190 liters of
liquid helium. If the shield were allowed to precool to liquid nitrogen
temperature, much shorter helium transfer using less helium would result. The
stabilizer was superconducting within 8 hours after the start of the helium
transfer. The superconducting magnetometers reached operating temperatures
about 10 hours after the start of the helium transfer. Figure 4 shows the
liquid helium cooldown curves of the system.
SENSITIVITY MEASUREMENTS
The magnetometer resolution and noise of each axis was studied using rock
samples, a calibrated magnetic moment constructed with an accurately wound
coil and precision current supply. These noise levels and calibration factors
are given in Table I. Figure 5 shows chart recordings of the signals from
each axis for the calibrated 6x10~6 EMU magnetic moment. For the Z-axis trace,
the calibrated moment was switched on and off. For the X-axis and Y-axis
the calibrated moment was rotated by hand about the Z-axis. Note that the
X-axis signal is maximum when the Y-axis signal is zero and vice versa.
TABLE I
MAGNETOMETER PERFORMANCE
AXIS NOISE
Peak-to-Peak//Hz" in 0-1 Hz
X
Y
Z
2.0xlO-7 EMU
E.OxlO-7 EMU
1.5xlO-7
CALIBRATION RESONANT FREQUENCY
EMU/flux quantum ' MHz
4.6xlO-5
4.6xlO-5
2.8xlO-5
29.4
'26.0
30.1
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FIGURE 5 CALIBRATION SIGNALS ON THE MAGNETOMETER
LIQUID HELIUM BOILOFF
The helium loss rate was measured using the builtinlevel gauge, a calibrated
gas flow meter and a helium dipstick. The average loss rate was about 10
liters per day with the cryostat vertical and all heaters turned off. The
loss increased to about 12 liters per day with the system tilted to 75°.
HEATERS
Resistive heaters are attached to the main shield, the magnet, the stabilizer
and sense coil assembly, and the shield around the strip!ines and sensor
cylinders. The performance of these heaters is given in Table 2.
TABLE II
COMPONENT
Shield
Stabilizer, upper
Stabilizer, lower
Magnet
Stripline
HEATING
RESISTANCE
500 fi
500 n
500 n
500 n
100 n
HEATERS
APPROXIMATE
DRIVE POWER
0-5w
2.5w
2.5w
lw
lw
APPROXIMATE TIME TO
HEAT FROM 4.2°K to TC(*10°K)
mm
min
min
min
20 sec
The .stabilizer has two heaters, the lower one for use in changing the axial
magnetic fields and the upper one for heating the entire stabilizer during
rotation when trapping a low magnetic field. The switchover to the upper
heater is accomplished automatically when slip-ring assembly is installed and
its interconnect cable is used.
•
MAGNET PERFORMANCE
The IK gauss persistent current superconducting magnet is mounted between the
shield and the stabilizer. The magnet is charged by first heating the stabilizer
above its critical temperature, opening the magnet heat switch (CHARGE position
on the electronics console) and increasing the magnet current to the desired
value. The heat switch is then turned off and after about 2 minutes the
stabilizer heater is turned off. The magnet current is then reduced to zero
leaving a persistent field trapped in the magnet.
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The magnet can be charged to at least 640 gauss in one step. Higher fields
may require that the magnet first be charged to about 700 gauss and then
allowed to cool for about 5 minutes before charging to the higher field.
The system also has two normal copper solenoids for applying lower fields
(see Figure 2). The stabilizer magnet can be charged by first heating the
stabilizer to its normal state. It can be charged or discharged in a few
seconds once the stabilizer is normal. The inner magnet can be energized
at any time without heating any of the superconducting components.
ROTATION ACCESSORY
The magnetometer system can be rotated in the cart mounting at speeds up to
30 rpm. The tilt bearings and tilt lock mechanism are removable for this ro-
tation. A slip-ring assembly is installed on top of the system to allow all
superconducting components to be heated to their normal state during rotation.
The drive motor, gear box, and variable speed control are located on the end
of a long aluminum drive shaft so they can be placed outside the NASA-MSC
ferromagnetic room or far enough away to avoid large magnetic fields near the
system.
The system was rotated in the earth's field (Hnoriz H0.25G) to test the low
field trapping and field reduction features. A remanent transverse field of
about 1 mG was trapped. This is about a factor of 250 field reduction. This
rotation was done with the strip! ine heater not connected. Thus, the striplines
and sensor shield had a field of about 0.^ gauss trapped in them which may have
limited the final low field value. The final trapped field may also have been
affected by not having cooled through the normal superconducting transistion
slowly enough. The system v/as later rotated in MSC's ferromagnetic room.
Later the system was rotated in MSC's ferromagnetic room. The transverse remanent
field in the room was about 100 y- The final transverse field trapped v/as 4.5y.
This final value was clearly limited by some magnetic monent rotating with the
system. All system components were magnetically tested during assembly to produce
far less than 1 at the test region. The most likely explanation is that the
strip line heaters were not heated completely normal during rotation» and some
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field remained trapped in them. This can be corrected by changing two external
resistors to increase the strip line heater power. The source of this 4.5y can
be localized by rotating the system with all heaters on and observing the AC
field at different points near the system with a flux gate magnetometer. If the
source happens to be a ferromagnetic contaninate it can probably be depermed.
Transverse trapped fields v/ell below ly should be easily obtainable once the source
of the 4.5y field is eliminated. The low field trapping process is sketched in
Fig. 6.
- . ^
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The axial field trapped in the shield was about 90y, roughly the remanent field
of the ferromagnetic room. This axial field was nulled out by trapping an opposite
field in the stabilizer with the stabilizer magnet. The observed axial field contour
had a +2y peak at the test region center and a -10y value 2 inches on either side.
The axial field contour would be flatter if a lower axial field is obtained in fer-
romagnetic room prior to the rotation.
CONCLUSION
The rock magnetometer instrument system delivered by Develco to NASA-MSC Houston,
is unquestionably the most sophisticated system of its kind, known to have been
built anywhere in the world. In its design, new methodologies and superconducting
techniques were utilized and in one instrument were incorporated superconducting
magnetometers, superconducting shields, a superconducting magnetic solenoid and
an overall assembly which can be rotated to provide an ultralow, highly stable mag-
netic environment. For the first time ever, a three-axis superconducting magne-
tometer system has been provided which has an internal, room temperature sample
access. It is a major technical achievement.
The measurement of the system parameters under the initial test demonstrates, with-
out ambiguity, that the initial engineering design concepts were very sound and the
instrument has provided the basic performance expected from it. While the noise
levels on the magnetometers as measured were higher than desired and the boiloff
rate of the liquid helium not as low as one would have liked, in general, the
design specifications have been met. It is pertinent to note that in both of these
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areas, no major modification to the system would be required to improve the per
formance at some later date should such improvements be deemed desirable.
Perhaps more significant, it is quite probable that with use and familiarity
with the various control parameters, performance characteristics greatly in
excess of these demonstrated in these preliminary test evaluations may be ex-
pected.
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